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Abstract 
 Oysters are a critical part of the Chesapeake Bay ecosystem, so it is important to 
understand how they might respond to increasingly variable and potentially stressful 
environmental conditions. This study aimed to investigate the links between environmental 
history and oyster physiology in order to understand how oysters might perform in future 
conditions. The objectives of this study were to (1) examine how environmental history might 
influence oyster physiology, (2) evaluate how environmental history might influence 
physiological stress responses, (3) assess the relative importance of distal and proximal 
environmental history on oyster physiology, and (4) determine the relative importance of distal 
and proximal environmental history on physiological stress responses. Oysters were deployed at 
four different sites from July to November 2018. After that period, half of the oysters at each site 
were collected for analysis, and the other half were redeployed in common garden conditions for 
one month prior to collection and analysis. After each collection, some oysters from each group 
were analyzed for glycogen and condition index analysis, while other oysters were subjected to 
an acute salinity exposure. After the exposure, total antioxidant potential was measured. Water 
quality was measured throughout field deployments and experimental treatments. Oysters from 
different sites had different physiological conditions, demonstrating that environmental history 
influenced physiology. However, oysters from different sites responded similarly to different 
acute salinity exposures, suggesting that environmental history may not influence stress 
physiology or that the experimental exposures did not induce stress. After common garden 
conditions, the physiological states of the oysters changed in different ways from their initial 
states. However, some physiological traits experienced similar changes from their initial states 
after common garden condition, indicating that portions of environmental history can affect 
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physiological components in a variety of ways. The site of an oyster’s initial deployment 
affected how stress responses changed from their initial states in response to common garden 
conditions; the significance of site indicates that distal history may play a significant role in 
shaping physiological stress responses. The acute salinity exposure did not have an effect on the 
change in stress responses from their initial states in response to common garden conditions, 
suggesting that the experimental treatments may have been insufficient in inducing a stress 
response. By utilizing knowledge about environmental history and its influence on an oyster’s 
physiological state, better predictions can be made concerning how oyster health and 
performance might be shaped by future environmental conditions under climate change.  
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Introduction 
Coastal aquatic habitats in the Chesapeake Bay watershed are characterized by temporal 
and spatial environmental variation. Natural processes in the Bay lead to environmental 
variability on an annual scale with temperature, dissolved oxygen, and salinity fluctuating 
seasonally. For instance, mean salinity can vary within the range of 5 to 20 psu over the course 
of a few months in many places in the Bay due to seasonal precipitation patterns. Temperature 
and dissolved oxygen also fluctuate annually with higher temperatures and lower dissolved 
oxygen in the summer and lower temperatures and higher dissolved oxygen in the winter (Eyes 
on the Bay at the Department of Natural Resources in Maryland, Virginia Estuarine and Coastal 
Observing System at VIMS). Environmental variation in the Bay can also be attributed to 
climate change. With changing climatic patterns, annual rainfall is increasing throughout the 
Chesapeake Bay watershed, and 2018 was one of the wettest years on record (NOAA National 
Centers for Environmental Research). More rain leads to more freshwater runoff into the Bay; 
freshwater runoff causes large salinity variability, and more runoff leads to decreased salinity in 
some regions (Eyes on the Bay at the Department of Natural Resources in Maryland, Virginia 
Estuarine and Coastal Observing System at VIMS, Xu et al. 2012). High monthly and annual 
temperatures and temperature extremes are also becoming more common in the Chesapeake Bay, 
due to atmospheric warming and unpredictable weather patterns (NOAA National Centers for 
Environmental Research). In addition to salinity and temperature, nutrient runoff from 
agriculture and urban/suburban sources is increasing the number, intensity, and locations of 
hypoxic events within the Bay (Breitburg 1992). Harmful algae blooms also contribute to the 
short-term variability of dissolved oxygen, as blooms become more frequent and long-lasting in 
the Bay (Li et al. 2014). With such substantial temporal and spatial variation in environmental 
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characteristics, it is important to understand how organisms in the Bay, like the Eastern oyster 
(Crassostrea virginica) are affected by that variation.  
Understanding how oysters might respond to changing environmental conditions can 
provide valuable insight into predicting how the ecosystem services that they provide will be 
affected in the future. Eastern oysters play a critical role in the Chesapeake Bay, as they provide 
numerous ecosystem services, which include stabilizing shorelines, filtering water, and creating a 
habitat and food source for other animals (Volety et al. 2009; Dodd et al. 2018; Karp et al. 2018; 
Salvador de Paiva et al. 2018). Eastern oysters are also a major component of the shellfish 
aquaculture in the Chesapeake Bay, with oysters bringing in $15.9 million for Virginia shellfish 
aquaculture in 2017. Oyster farming has become a rapidly growing sector of Virginia’s 
aquaculture economy over the past decade, and the shellfish aquaculture companies directly 
employ hundreds of Virginia residents (Hudson 2018).  
Changing environmental conditions may also affect the state of oyster populations in the 
Chesapeake Bay, which are currently severely diminished. Oyster populations have declined to 
just 1% of their historic numbers over the last two centuries due to overfishing, disease, habitat 
degradation, and pollution (Grabowski and Peterson 2007, Beck et al. 2011, zu Ermgassen et al. 
2012). Oyster restoration efforts have been underway for several decades, and, as of 2018, 
several sites in Virginia have had some success in re-establishing oyster reefs (NOAA 
Chesapeake Bay Office and NOAA Restoration Center). Even with small areas of successful 
reefs, oyster populations and reef dynamics struggle to thrive, and thus, key ecosystem services 
have declined (Mann 2013). For instance, filtration capacity for oyster populations has decreased 
by a median of 85% (zu Ermgassen et al. 2013). It is important to assess the influence of varying 
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environmental effects on oyster populations and their ecosystem services, as this knowledge may 
be critical towards maintaining sustainable oyster populations in the Bay.  
Eastern oyster populations are widely distributed throughout the coastal regions of the 
Chesapeake Bay, indicating that oysters in different populations are experiencing different 
environmental conditions and levels of variability. With oysters in the Bay living under different 
environmental conditions, it is likely that oyster physiology will differ by location. Drexler et al. 
(2014) found that Eastern oysters in different habitats, such as reefs, mangroves, seawalls, or 
restoration substrates, differed in terms of their density, size, biomass, and prevalence of 
infection by P. marinus (dermo). Oysters from lower latitudes on the eastern United States, 
which had higher overall temperatures, were found to have thicker shells than those from higher 
latitudes, which had lower temperatures (Lord and Whitlach 2014). Growth rates of the Pacific 
oyster (Crassostrea gigas) were also affected by differences in the environmental conditions in 
their habitats. Sites with higher salinity levels (>20 psu) and high food abundance had oysters 
with the highest growth rates (Brown 1988).  
Previous studies demonstrate that differing environmental conditions can cause different 
organismal responses, but it is currently unknown what environmental conditions shape 
responses for specific individuals or populations over time (Brown 1988, Drexler et al. 2014, 
Lord and Whitlach 2014). Environmental history may be able to explain the variation in an 
oyster’s physiological responses to different environmental conditions. Environmental history 
refers to the regimes of water quality that an oyster has been exposed to in the past. Because 
oyster populations throughout the Chesapeake Bay are experiencing different water quality 
regimes, they are all experiencing different environmental histories. Thus, it is relevant to 
examine an oyster’s physiological responses in the context of differing environmental histories. 
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Understanding the connection between physiology and environmental history can inform both 
restoration efforts and predictions about how oysters will respond to future conditions.  
Studies using species such as corals and oysters to provide evidence for the connection 
between environmental history and physiology. Brown et al. (2002) found that when the corals 
Goniastrea aspera were exposed to higher levels of solar radiation, they were less susceptible to 
bleaching. Solar radiation exposure, an aspect of environmental history, affected the physiology 
of the corals and their ability to bleach; this study demonstrated that environmental history can 
have a major impact on how corals function in their environment. Other studies have used coral 
to evaluate environmental history and its effects on physiology. Castillo and Helmuth (2005) 
evaluated thermal tolerances of the coral Montastraea annularis, and they compared colonies 
that were collected from the outer and inner parts of the reef. Photosynthesis and respirations 
rates were significantly lower in corals from the inner reef compared to those on the outer reef 
across most experimental temperatures, indicating that the outer reef corals exhibited increased 
metabolic rate in response to increasing experimental temperatures. The authors also found that 
inner reef temperatures were consistently higher than outer reef temperatures. The differences in 
temperatures established different environmental histories for each reef, which may have 
contributed to the differences in physiological response to thermal stress. If so, corals from inner 
reef zones may fare better under future warming scenarios than corals form outer reef zones, as 
the environmental history of inner reef corals incorporates consistently warmer temperatures. 
Another study examined how the thermal history of a tropical, rocky shore oyster in Thailand 
(Isognomon nucleus) affected its performance. Oysters that were exposed to higher air or water 
temperatures had a higher thermal tolerance than those that were exposed to lower temperatures. 
However, oysters in higher temperatures also had lower energy uptake and excretion rates, which 
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suggests potential physiological trade-offs in the context of environmental history (Giomi et al. 
2016). Other environmental history and physiological studies have been done with coral 
(Montipora capitata) and immunity responses (Wall et al. 2018), and scallops (Placopecten 
magellanicus) and escape responses (Guderley et al. 2009); all found that environmental 
histories influenced the physiology of their study species.  
 Along with previous studies about environmental history and different species, research 
has been done on the Eastern oyster and environmental history, which has demonstrated that 
environmental history plays a role in affecting oyster physiology. Bataller et al. (1999) found that 
oysters in high salinity and shallow depths had higher glycogen content and growth rates than 
oysters in low salinities or high depths. This study suggests that the certain environmental 
histories facilitated an increased ability to grow and sustain glycogen content in oysters, while 
other environmental histories impeded those physiological functions. Lord and Whitlach (2014) 
studied how different temperatures along the east coast of the United States affects shell 
thickness and metabolism of oysters. They found that oysters from sites with higher temperature 
had a greater shell thickness than those from lower temperature sites, indicating that 
environmental history may affect shell deposition. They also found that oysters from sites of 
higher and lower temperatures had similar metabolic rates and had similar patterns of seasonal 
metabolic change; this result indicates that metabolism may not be strongly connected to the 
environmental history of the oysters in this study. Méthé et al. (2015) utilized an estuarine 
gradient to establish environmental history in order study oyster growth and survival. Oysters 
originating from downriver sites were either transplanted to an upriver site or kept at the same 
downriver site. Oysters from the upriver site had lower mortality rates compared to the 
downriver oysters, but oyster meat content was similar between both sites. This study 
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demonstrates that the oyster’s immediate environmental history (upriver or downriver) affected 
mortality but may not have affected other physiological aspects, like meat content.  
Even though more research concerning environmental history and Eastern oysters is 
being done, few studies have examined whether different parts of an oyster’s environmental 
history could affect its physiological stress mechanisms. An oyster’s environmental history 
comprises proximal and distal environmental history. An oyster’s proximal environmental 
history refers to the regime of water quality that an oyster has most recently experienced, and an 
oyster’s distal environmental history refers to all of the water quality regimes an oyster has 
experienced over its lifetime. In this study, it was determined that relevant distal and proximal 
environmental histories would be established with four-month and one-month deployments, 
respectively. The lengths of time used to establish distal and proximal environmental history may 
vary depending on the choice of study sites or species. By discerning how physiological stress 
responses are affected by the environmental conditions that oysters experienced presently or in 
the past, more informed predictions can be made about how oysters might respond to future 
conditions under climate change.  Knowledge of proximal and distal environmental history can 
also aid in selecting specific locations or genetic strains for oyster restoration. In this study, I am 
establishing proximal and distal environmental histories in order to determine how those parts 
influence physiology. By evaluating the physiological responses of oysters to both portions of 
environmental histories, the relative importance of each and their relation to stress can be better 
understood.  
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Salinity stress 
When considering how physiological stress responses are related to environmental 
history, low salinity is an ecologically relevant stressor. Adult oysters can survive under a wide 
range of salinities from 0.2 psu to 42.5 psu (Wells 1961). For the Eastern oyster, ideal salinity 
range reported in the literature is between 15 and 25 psu; in this range, populations are dense, 
and reproductive activities and growth rates are high. In contrast, when salinity is between 0 to 
10 psu or 35 to 45 psu, oysters are smaller, populations are sparse, and growth rates are lower 
than when oysters are in ideal salinity conditions (Wells 1961, Bataller et al. 1999, Linhoss et al. 
2016). Oysters are osmoconformers, meaning their body fluids match the external environment 
around them. When salinity becomes too low for proper functioning of internal systems, oysters 
can close their shell until ambient salinity conditions return (Davenport 1985, Hauton 2016). 
Prolonged valve closure can enable oysters to survive extended bouts of low salinity, provided 
temperatures remain ambient (Heilmayer et al. 2008, Hauton 2016). However, if low salinity 
conditions persist, valve closure can have negative impacts on oyster health. Because the oysters 
are closed during these stressful conditions, they are not receiving sufficient food or oxygen. 
Low oxygen uptake leads to anaerobic respiration, which is much less efficient than aerobic 
respiration. Low nutrient uptake can have impacts on growth and production of gametes, as there 
is less energy to maintain those processes (Hauton 2016). 
Low salinity can have many other negative effects on Eastern oysters. Extended low 
salinity in water temperatures above 25°C in Breton Sound, LA, was found to negatively impact 
oyster recruitment, survival and growth (La Peyre et al. 2013). A study done in an estuary in 
Texas had similar results; low salinity levels were associated with lower oyster abundance and 
spat settlements (Pollack et al. 2011). Salinity impacts on other physiological metrics, such as 
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energy storage in the form of lipid and glycogen and metabolic activity, have been studied by 
Dickinson et al. (2011). Low salinity and elevated pCO2 reduced lipid and glycogen content in 
oysters; metabolic rate was also increased during these conditions. These unfavorable changes in 
physiology indicate that low salinity is a component of stressful environmental conditions. A 
suite of other physiological functions can also be compromised under low salinity, including 
heart rate (Feng and Van Winkle 1975), respiration (Shumway and Koehn 1982, Richmond and 
Woodin 1999), energy acquisition and clearance rates (Bataller et al. 1999, Wilson et al. 2005), 
and metabolism (Heilmayer et al. 2008). Due to significant impacts of low salinity on oyster 
physiology, it is likely that low salinity could also act as an acute stressor on oysters. Knowledge 
of environmental history could help to interpret how a low salinity stress might impact an 
oyster’s physiology response. In this study, I analyzed low acute salinity stress and physiological 
stress responses to determine how those responses were affected by proximal and distal 
environmental history.  
 
Physiological characteristics  
Environmental history can be utilized to assess how physiological aspects might change 
in response to stress, like low salinity. Low salinity has been shown to alter biochemical 
components, such as glycogen and antioxidants, and biological processes, like growth rate; these 
physiological aspects can be used to evaluate oyster health and performance (Montero-Torreiro 
et al. 2003). Glycogen is the main carbohydrate reserve and supplies energy for key 
physiological functions, primarily reproduction (Encomio and Chu 2000). Allen and Downing 
(1986) found that under ambient conditions, glycogen levels in Pacific oysters increase during 
the fall and winter as oysters are building up their energy stores to produce gametes, and 
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decrease during the late spring and early summer as oysters use those stores for gametogenesis. 
After spawning, glycogen levels increase again as the oysters prepare for the next reproductive 
cycle. When under stress, glycogen stores are used to maintain the oyster’s survival by allocating 
energy towards various stress responses (Anacleto et al. 2014). Therefore, low glycogen content 
may indicate that an oyster has been using its energy reserves for stress responses, growth, or 
reproductive efforts; ow glycogen content could also be due to the natural variation in glycogen 
across seasons. Oysters that use their glycogen reserves to respond to a stressor are depleting 
energy that could be put into key physiological functions, like reproduction. 
Total antioxidants, a crucial physiological stress response, protect cells from damage 
associated with oxidative stress, which is caused by reactive oxygen species (ROS). The most 
common forms of ROS are superoxide, singlet oxygen, hydrogen peroxide, and hydroxyl radical. 
ROS are produced as a routine by-product of cellular respiration within the mitochondria, and 
they have important roles in cell signaling and apoptosis (Lesser 2006, Hauton 2016). However, 
in stressful environments, ROS production can be increased to harmful levels (Hauton 2016).  
Accumulation of ROS can be deleterious to lipids, proteins, carbohydrates, and DNA in cells. 
They can induce lesions on DNA that cause mutations or deletions. ROS can also degrade amino 
acids within the protein tertiary structure, aggregate cross-linked proteins, and alter enzymatic 
activity (Lesser 2006, Pisoschi and Pop 2015). The cellular damage caused by ROS is termed 
oxidative stress. To withstand oxidative stress, antioxidants act to protect the cell from ROS by 
neutralizing through hydrogen donations, quenching singlet oxygen, decomposing peroxides, 
inhibiting oxidative enzymes, or absorbing UV radiation (Pisoschi and Pop, 2015). Antioxidants 
are made up of enzymatic and non-enzymatic compounds, and can be quite variable in their 
structure and specific function (Lesser 2006, Pisoschi and Pop 2015, Whiteley and Mackenzie 
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2016). High levels of antioxidants may indicate that an oyster is experiencing oxidative stress 
from an environmental stressor and is upregulating antioxidants in order to combat the stress.    
Condition index of an oyster compares the amount of tissue to the amount of shell, which 
provides insight into oyster health and performance (Lucas and Beninger 1985, Heilmayer et al. 
2008). A low condition index value indicates that an oyster has gone through major energetic 
efforts, such as growth, calcification, reproductive activity, or upregulation of stress response 
mechanisms. A high condition index value demonstrates that an oyster may not be expending 
any major energetic efforts at the time; in this state, the oyster may be storing energy for later 
reproductive use or is not stressed under its current environmental conditions. High condition 
indices could also signal that the oyster’s energy demand is not exceeding its energy supply or 
that the oyster is acquiring enough food to sustain its current energy demands (Allen and 
Downing 1986, Acarli et al. 2011). Under these scenarios, an oyster with a high condition index 
is able to store more energy as glycogen instead of using it for reproductive and metabolic 
response (Lucas and Beninger 1985). By comparing the weights of both tissue and shell, 
condition indices provide insight into an oyster’s health and physiological state. 
Growth rate can also be used as a metric of stressful environmental conditions. High 
oyster growth rates can be attributed to suitable environmental conditions, in which an oyster is 
able to put more energy towards growth instead of survival and maintenance (Mann 1979, 
Dittman et al. 1998). Low growth rates may indicate that an oyster is diverting energy to handle 
some environmental stressor (Dittman et al. 1998, Harding 2007). It is important to consider the 
oyster’s age or reproductive cycle, as these could also influence growth rate (Allen and Downing 
1986). 
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Objectives for present study  
The goal of this study was to examine how the environmental history of an oyster 
influences its physiology and physiological stress response. The specific objectives were to: (1) 
examine how the environmental history of an oyster influences its physiology by evaluating 
glycogen content and condition index, (2) investigate how the environmental history of an oyster 
impacts its physiological stress response by evaluating total antioxidant potential under acute low 
salinity, (3) investigate the relative importance of proximal and distal environmental history on 
oyster physiology by evaluating glycogen and condition index, and (4) assess the relative 
importance of proximal and distal environmental history in shaping physiological stress 
responses by evaluating total antioxidant potential under acute low salinity. In order to address 
these objectives, I first determined if environmental history had any influence on oyster 
physiology. To do this, I investigated if glycogen content and condition indices differed in 
Eastern oysters that inhabited different water quality regimes from July 2018 to November 2018. 
I also compared proximal and distal environmental history to determine which one was more 
influential on oyster physiology. By subjecting a portion of oysters from the different sites to 
‘common garden’ conditions at VIMS Pier, I compared how a similar proximal environmental 
history affected glycogen and condition indices among oysters with differing distal 
environmental histories. I also assessed what components of water quality in their environmental 
histories were most influential in determining these physiological responses in Eastern oysters. I 
hypothesized that environmental history has an impact on oyster physiology. If proximal 
environmental history is more important, the physiological changes experienced by the oysters in 
common garden conditions would be similar among oysters from different sites. However, if 
distal environmental history is more significant, the physiological changes by the oysters in 
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common garden conditions would differ among oysters from different sites. Both proximal and 
distal results are important to report, as they provide evidence for how the oysters responded to 
common garden conditions, and they provide specific measurements of the physiological 
variables, which can give insight into the organism’s physiological state. 
After addressing environmental history and physiology, I investigated the question of 
how the environmental history of an oyster impacts its physiological stress responses. To do this, 
I subjected oysters to an acute salinity exposure after they were collected from their final 
deployment. After the salinity exposure, I measured total antioxidant potential in the oysters to 
determine if their original site or their salinity treatment had any effect on stress responses.  
I then compared how an oyster’s physiological response to an acute salinity stressor 
might be affected by its proximal and distal environmental histories. To establish a similar 
proximal environmental history, I subjected a portion of oysters from the different sites to 
‘common garden’ conditions at VIMS Pier, so that I could evaluate how a similar proximal 
history might impact total antioxidant potential in oysters with differing environmental histories. 
If proximal environmental history is more important, the physiological changes in total 
antioxidant potential of the oyster in common garden conditions would be similar. However, if 
distal environmental history is more significant, the changes in total antioxidant potential of the 
oyster will experience in common garden conditions would be different among oysters from 
different sites. I also examined what components of water quality from the environmental 
histories or from their acute salinity treatments were most influential in shaping the physiological 
stress response in Eastern oysters.  
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Methods 
Overall experimental design 
To establish different environmental histories, oysters were out-planted for four months 
at four different shoreline sites in the Chesapeake Bay. Oyster growth and mortality, along with 
water quality, was monitored bi-weekly. At the end of four months, oysters from all sites were 
collected. Half of these oysters were analyzed immediately in order to determine if 
environmental history affected an oyster’s stress response. The remaining oysters from each site 
were redeployed at VIMS Pier under common garden conditions in order to establish the same 
proximal environmental history for oysters with differing distal environmental histories. After 
one month, these oysters were collected and analyzed to evaluate the relative importance of 
proximal and distal environmental histories in shaping an oyster’s stress response.  
Collected oysters were either immediately shucked for later physiological analysis or 
were subjected to an acute low salinity exposure. After the salinity exposure, oysters were 
shucked and dissected for later physiological analysis. Oysters that were immediately shucked 
after collection were used for glycogen and condition index measurements. Oysters that 
experienced the acute salinity exposure were used for total antioxidant potential and total protein 
measurements.  
 
Deployment to establish distal environmental history  
In July 2018, 50 Eastern oysters (Crassostrea virginica) were deployed at each of four 
sites along the Chesapeake Bay, named Merroir, Piankatank River, Urbana Creek, and VIMS 
Pier (Figure 1). The diploid juvenile oysters (LOLA 18, 3 months old) were 11 to 18 mm in size 
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at the time of deployment and were obtained from the Aquaculture Genetics and Breeding 
Technology Center at the Virginia Institute of Marine Science (VIMS).  
Oysters were placed in mesh bags (mesh size: 5mm by 5mm) that were closed with cable 
ties to minimize oyster loss to wave action or predation. Zip-ties were positioned in such a way 
that oysters had sufficient space to grow and feed. The mesh bags containing oysters were 
suspended inside weighted milk crates to prevent burial from shifting sediments. The milk crates 
were tied to an adjacent dock or pier. At each site, oysters were deployed at depths of 0.5 to 2 
meters.  
 
Field measurements of environmental conditions and oyster performance 
In order to evaluate how water quality influenced oyster growth and physiology, 
measurements of temperature, salinity, carbonate chemistry, and dissolved oxygen were taken 
every two weeks at each site. At each site, a YSI ProPlus was used to measure temperature, pH, 
salinity, and dissolved oxygen in situ. At VIMS, up to 1 L of water was frozen within an hour of 
collection for later total alkalinity analysis. When at all other sites (Merroir, Piankatank, and 
Urbana Creek), 500 mL of water was collected in acid-washed borosilicate glass bottles and 
immediately poisoned with saturated mercuric chloride to halt all biological activity and preserve 
the water chemistry at the time of collection. Poisoned water was stored at 4°C until later 
carbonate chemistry analysis.  
Oyster growth and mortality were assessed every two weeks at each site. During 
sampling, oysters were counted, noting which were alive and which were dead. Dead oysters 
were not put back in the bags. Shell length of living oysters, or the length from the hinge to the 
farthest point of the bill, was measured using calipers (Baggett et al. 2014). Growth rate was 
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calculated with the equation: Growth Rate = ∆ shell length / (time). Growth rate was 
standardized by initial shell height if the initial shell heights differed among sites: Growth Rate = 
∆ shell length / (time * initial shell height) 
 
Collection and redeployment under common garden conditions 
 On November 8th, 2018, water quality, oyster mortality, and oyster growth were 
measured and collected at all sites using the methods specified above. To determine if proximal 
environmental history affected an oyster’s stress response, half of the oysters from each site were 
collected for immediate analysis. Oysters collected from each site were shucked, and their tissue 
was preserved in a pre-weighed falcon tube at -80°C for analysis of glycogen content and 
condition index (N=7-9). The shells of these oysters were collected for condition index 
measurements. Other oysters from each site were evaluated for response to an acute salinity 
stress experiment (N=14, see Acute stress exposure).  
To evaluate the importance of the oyster’s proximal environmental history relative to its 
distal environmental history in shaping its stress response, oysters from all sites were 
immediately redeployed under common garden conditions off of the VIMS Pier for a month 
(N=21-25). During this redeployment, oysters were separated by site in individual mesh bags in 
four different weighted milk crates, as before. Crates were all tied to the same spot on VIMS Pier 
with crab pot line. Each crate and line was marked with tape specifying the site of the original 
deployment. To describe the proximal history of the redeployed oysters at VIMS Pier, weekly 
measurements of water quality using the methods specified above were taken. Growth 
measurements were taken only at the end of the common garden period, as more frequent 
measurements were not needed to characterize slower growth under the colder ambient 
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temperature. During November and December, the water got colder, which usually slows oyster 
growth, as metabolism slows and food availability decreases (Loosanoff 1953, Brown and 
Hartwick 1988, Prasad et al. 2010, Lord and Whitlach 2014).  
On December 13th, 2018, final field growth and water quality measurements were taken. 
Seven to fifteen oysters from each group were shucked for analysis of glycogen content and 
condition index, and their tissue and shells were preserved as described above (N=7-15). Like 
before, the responses of oysters from each group who experienced the acute stress exposure was 
measured to examine the importance of their distal and proximal environmental history on their 
ability to respond to stress (N=14).  
 
Acute stress exposure 
 The acute stress exposure was done in the Seawater Research Lab at VIMS, with salinity 
being the chosen stressor. The exposure was done using oysters both before and after the 
common garden deployment. Oysters from each site were exposed to either ambient or low 
salinity for 48 hours (N=7 for both treatments). To generate all water treatments, distilled water 
was added to incoming water from the York River until desired salinity was reached. Ambient 
salinity is defined as the average salinity experienced by oysters at their most recent in situ 
location and was determined by averaging the salinities that each group of oysters had 
experienced over the entire prior deployment period (Schrandt et al. 2018). For the oysters 
collected in November 2018, ambient salinity was assessed for the site of their original 
deployment in July 2018: 11 psu for Merroir, 9 psu for both Piankatank River and Urbanna 
Creek, and 16 psu for VIMS Pier. For the oysters collected in December 2018, ambient salinity 
for the month-long common garden deployment was 11 psu. Based on a review of the literature 
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and on model consultations with Dr. Mark Brush at VIMS, 5 psu was determined as the low 
salinity level (Livingston et al. 2000, Heilmayer et al. 2008, La Peyre et al. 2013, La Peyre et al. 
2016).  
 For the salinity exposures, each oyster was placed in a plastic container filled with 800 
mL of treatment water (Figure 2). To hold oysters at the same environmentally-relevant 
temperatures throughout the experiment, the containers were placed in a tank with continuous 
flow-through of river water. Atmospheric air was bubbled into each container using air stones to 
maintain and standardize suitable oxygenation throughout the experiment. To ensure that oysters 
were not being stressed by their own nitrogenous waste, water in the containers was changed 
every 12 hours. Oysters were not fed during the acute salinity exposure time.  
 To document water conditions experienced by the oysters during the experiment, 
temperature, salinity, pH, and dissolved oxygen was measured in each container prior to each 
water change using a YSI ProPlus. Water was also collected from one random container from 
each treatment per site for later carbonate chemistry analysis (N=12 per water change). After the 
appropriate measurements had been taken on each container, the old treatment water was 
replaced with freshly-prepared new treatment water.  
 After 48 hours of total exposure time, oysters were collected and shucked. Gill tissue was 
dissected from each oyster and preserved in -80°C in pre-weighed falcon tubes for total 
antioxidant potential and total protein analysis.  
 
Carbonate chemistry analyses 
 Total alkalinity (AT) was determined for both frozen and poisoned water samples using 
an open-cell titration method (following Dickson et al. 2007, SOP 3b) and an automatic titrator 
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(Metrohm 855 Robotic Titrosampler). Alkalinity is the ability of seawater to neutralize acids and 
therefore its ability to act as a buffer to acidic compounds that could affect the pH of the water. 
Eighty mL of sample seawater was weighed out and titrated using a certified acid titrant (0.1 M 
HCl acid in 0.6 M NaCl) with two technical replicates per water sample. AT calculations 
followed Dickson et al. (2007).  
 Temperature, salinity, and pH from YSI measurements, and total alkalinity were used to 
calculate pCO2, Ωcalcite, and Ωaragonite using CO2calc (Robbins et al. 2010).  
   
Physiological measurements and analysis 
  Whole animal tissue collected for glycogen analysis was freeze-dried using a Labconco 
FreeZone 4.5 Plus and homogenized using a mortar and pestle. Twenty to thirty mg of dried, 
homogenized tissue per oyster was sub-sampled for glycogen analysis, with three technical 
replicates per sample. Glycogen analysis was performed following Guevelou and Allen (2016). 
Three mL of 15% trichloroacetic acid was added to each tissue sub-sample in order to extract 
glycogen from the tissue. Samples were centrifuged for 10 minutes at 4°C, and 500 µl of 
supernatant was sub-sampled into a new 15 mL falcon tube. Four mL of pure ethanol was added 
to supernatant, causing glycogen to precipitate. Samples were centrifuged again, and supernatant 
was removed and discarded. Glycogen precipitate was dissolved in 0.5 to 1 mL of ultrapure 
water, and the concentration of glycogen was measured at 450 nm using a plate reader 
(Molecular Devices SpectraMax iD3). 
 Total antioxidant potential was measured using the ferric reducing/antioxidant potential 
(FRAP) assay following Griffin and Bhagooli (2004). Gill tissue samples were homogenized 
using a sonicator in 200 µl of Tris-HCl buffer in order to maintain a stable pH. Samples were 
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then centrifuged for 10 minutes at 4°C to remove cellular debris, and the supernatant was 
transferred into a new 1.5 mL falcon tube. An aliquot of supernatant was sub-sampled into new 
1.5 mL falcon tube and frozen at -80°C for later total protein analysis. Protease inhibitor cocktail 
(Sigma #P8340) was added to samples for FRAP assay to protect the proteins in the sample from 
degradation during analysis. Samples were loaded into a 96-well plate, and total antioxidant 
potential was measured at 595 nm using a plate reader (Molecular Devices SpectraMax iD3). 
Total protein from gill tissue homogenate was analyzed with the Pierce BCA Protein Assay Kit 
(Thermo Scientific). Samples were already in Tris -HCl buffer and homogenized, as they had 
been sub-sampled from the supernatant for antioxidant analysis. Samples were thawed, and 200 
µl of bicinchoinic acid (BCA) was added to samples for colorimetric detection and subsequent 
quantification of total protein. Samples were loaded into a 96-well plate, and total protein was 
read on a plate reader at 562 nm. Total protein was used to standardize the results of the total 
antioxidant potential assay.  
 Shells from the oysters that were analyzed for glycogen content were collected, dried, 
and weighed until weight had stabilized. Shell weight and dry tissue weight (freeze-dried) from 
glycogen-sampled oysters was used to calculate condition index: Condition Index = Dry Tissue 
Weight (g) / (Dry Shell Weight (g) + Dry Tissue Weight (g)) x 100%. 
 To determine if physiological measurements had changed between the oysters that had 
been collected immediately after the initial deployment and the oysters that had been in common 
garden conditions, changes in glycogen, total antioxidant potential, and condition index was 
calculated. These changes were calculated by comparing respective values of glycogen, total 
antioxidant potential, and condition index before and after exposure to common garden 
conditions.  
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Statistical analysis  
Data analysis was done with Version 1.1.383 of R. For water quality analysis, dependent 
variables were temperature, salinity, dissolved oxygen, total alkalinity, pH, pCO2, Ωcalcite, and 
Ωaragonite. For physiological analysis, dependent variables were total antioxidant potential, total 
protein content, glycogen, and condition index. First, each dependent variable was evaluated for 
normality and homogeneity of variance using Levene’s test and qqplots. Dependent variables 
that were not normally distributed were transformed either using an inverse transformation or a 
reciprocal transformation. If normality could not be achieved by transformations, the Kruskal-
Wallis test was performed to compare means among treatment groups. When the Kruskal-Wallis 
test yielded significant results, a post-hoc analysis was performed using Dunn’s test for multiple 
comparisons. For normally distributed dependent variables, one-way and two-way ANOVA tests 
were used to compare the means of the variables by site and by treatment. Tukey’s post-hoc tests 
were run on the one-way ANOVA results that were significant. For the two-way ANOVA tests, 
a full model with site and treatment as an interaction term was initially analyzed. If the 
interaction term of the full model was insignificant, a reduced model was made to compare to the 
full model by removing the two-way interaction. If the reduced model was not significantly 
different from the full model, the statistical analysis was conducted with the reduced model.  
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Results 
Water quality from distal environmental history  
To assess differences in water quality among field sites, temperature, salinity, 
conductivity, dissolved oxygen, pH, total alkalinity, pCO2, ΩCalcite, and ΩAragonite were compared 
by site (Table 4). Salinity and conductivity differed significantly by site (one-way ANOVA, 
Table 4). VIMS Pier had an average salinity of 15.7±0.4 psu and conductivity of 25713±1006 
S/m, which was significantly higher than those at all other sites (Tukey’s HSD; Tables 1 and 4). 
Piankatank had an average salinity of 8.6±0.1 psu, which differed from Merroir’s average 
salinity of 11.3±0.5 psu (Tukey’s HSD; Tables 1 and 4). Average total alkalinity also differed 
significantly by site (one-way ANOVA, Table 4). Total alkalinity at VIMS Pier was 1571±15 
µmol/kg-1, which was significantly higher than total alkalinity at Piankatank and Urbanna Creek, 
whose values were 1348±79 µmol/kg-1 and 1289±55 µmol/kg-1, respectively (Tukey’s HSD; 
Tables 1 and 4). Temperature, dissolved oxygen, pH, pCO2, ΩCalcite, and ΩAragonite did not differ 
significantly by site (one-way ANOVA, Table 4).  
 
Comparison of water quality parameters from distal and proximal environmental histories 
Common garden conditions at VIMS Pier were compared to the conditions at the four 
sites during the prior four-month deployment in order to compare proximal and distal 
environmental histories (Tables 5, 6, 7, and 8). Temperature, salinity, conductivity, dissolved 
oxygen, pH, total alkalinity, pCO2, ΩCalcite, and ΩAragonite from each site were individually 
compared to common garden conditions using one-way ANOVA (Tables 5, 6, 7, and 8). When 
common garden conditions were compared with each site pair-wise, temperature, salinity, and 
dissolved oxygen (both mg/mL and %) differed significantly (one-way ANOVA; Tables 5, 6, 7, 
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and 8). The average temperature during common garden conditions was 11.2±1.3°C, which was 
lower than the average temperatures from the four sites that comprised distal environmental 
history (Tukey’s HSD, Table 1). Average salinity during common garden was 13.3±0.5 psu; this 
salinity was significantly higher than the average salinities at Merroir, Piankatank, and Urbanna 
Creek, and significantly lower than the average VIMS Pier salinity. (Tukey’s HSD; Tables 1, 5, 
6, 7, and 8). Average dissolved oxygen of common garden conditions was 118.2±3.6%, 
significantly higher than dissolved oxygen of all other sites, which comprised the distal 
environmental history (Tukey’s HSD; Tables 1, 5, 6, 7, and 8). pH of common garden 
conditions, at 7.91±0.0, was higher than that at all other sites; however, it only differed 
significantly from the pH of Piankatank (7.61±0.1; Tukey’s HSD; Tables 1 and 6). Average 
common garden conditions were 16377±1018 S/m for conductivity, 1402±30 µmol/kg-1 for total 
alkalinity, and 0.6±0.1 for WAragonite (Table 1). All of these values were lower than those at VIMS 
Pier, which were 25713±1006 S/m, 1571±15 µmol/kg-1, and 1.1±0.2, respectively (Tukey’s 
HSD; Tables 1 and 8). pCO2 at common garden conditions was 508±48 µatm, a significantly 
lower value than pCO2 values of Merroir and Urbanna Creek (Tukey’s HSD; Tables 1, 5, and 7). 
The average pCO2 at Piankatank was 2719±1016 µatm, which was the highest average value out 
of all sites; however, its high variability prevented it from being different than other sites (Table 
1). ΩCalcite did not differ significantly between any individual site and the common garden 
conditions (one-way ANOVA; Tables 1, 5, 6, 7, and 8).  
 
Water quality from acute salinity exposures 
 Temperature, salinity, conductivity, dissolved oxygen, pH, total alkalinity, and pCO2 
measurements taken from the acute salinity exposure using oysters collected after initial the 
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deployment were compared by treatment and site (Table 9). All water quality variables except 
dissolved oxygen were significantly different by treatment (one-way ANOVA, Table 9). Salinity, 
conductivity, pH and total alkalinity differed between all four treatments (Tukey’s HSD, Table 
9). Temperature from the low salinity treatment was higher than those from ambient salinity 
treatments for Piankatank-Urbanna Creek and the VIMS Pier ambient salinity treatments; pCO2 
values from the ambient salinity treatments for Merroir and Piankatank, and Urbanna Creek 
salinity treatments were higher than those from the low salinity treatment (Table 2). 
 All water quality variables were significantly different between low and ambient 
treatments in the exposure of oysters collected after the common garden deployment (one-way 
ANOVA, Table 10). The ambient salinity treatment, at 11.9±0.0 psu, was significantly higher 
than the low salinity treatment at 4.9±0.0 psu (Kruskal-Wallis Test; Tables 3 and 10). 
Conductivity, total alkalinity, and pH in the ambient salinity treatment were higher than those in 
the low salinity treatment, respectively (Table 3). Dissolved oxygen, temperature, and pCO2 in 
the low salinity treatment were higher than those In the ambient salinity treatment, respectively 
(Table 3).  
 
Influence of environmental history on physiology and stress response 
 Growth summary statistics (i.e. minimum and maximum growth rate as well as average 
growth rate) were calculated for the oysters collected at the end of their deployment at the four 
individual sites to determine if environmental history affected growth rate (Table 14). Initial and 
final shell height were the only metrics statistically analyzed (Table 13). Initial shell height was 
compared among oysters by site, and initial shell height did not differ significantly by site (one-
way ANOVA; Figure 6, Table 13). Because initial shell height was not significantly different, 
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final shell height could be analyzed as a metric for growth rate. Final shell height did differ 
among oysters from Piankatank and those at all other sites (Tukey HSD; Figure 7, Table 13). The 
final shell heights corresponded with the growth rates calculated for oysters from each site; 
Piankatank oysters had the lowest growth rate and the smallest final shell height (Final SH: 35.49 
± 0.9 mm, growth rate: 0.189 mm/day; Table 14). Piankatank was the only site with no mortality, 
while all other sites lost at least four oysters (Merroir: 4, Urbanna Creek: 8, VIMS Pier: 4). 
Mortality was not statistically analyzed because oysters were not individually tracked. 
Glycogen and condition index were compared among oysters collected at the end of their 
deployment at their individual sites to determine if environmental history influenced physiology. 
Condition index differed significantly by site (one-way ANOVA; Figure 4, Table 11). Oysters 
from VIMS Pier had the lowest condition indices among sites on average (4.19±0.19%; Tukey 
HSD; Figure 4, Table 11). Oysters from Merroir, Piankatank, and Urbanna Creek all had higher 
average condition indices (6.06±0.34%, 7.03±0.38%, and 7.05±0.28%, respectively; Tukey 
HSD; Figure 4, Table 11). Glycogen did not differ significantly by site (one-way ANOVA; 
Figure 3, Table 11).   
 In order to determine if environmental history had influence physiological stress 
responses, total antioxidant potential was compared among oysters from the individual sites that 
were subjected to the acute salinity exposure. The antioxidant levels measured using the ferric 
reducing/antioxidant potential (FRAP) were compared using a two-way ANOVA by site and 
treatment. FRAP values did not differ significantly by treatment or site (two-way ANOVA; 
Figure 5, Table 12). Oysters in the ambient treatment from Merroir had the highest average 
FRAP value and the largest standard error (71.15±21.38 µmol/g; Figure 5).   
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Influence of proximal and distal environmental history on physiology and stress response 
 Growth summary statistics (i.e. initial and final shell height, growth rate, and mortality) 
were calculated for the oysters that were deployed in common garden conditions for a month 
(Table 18). Only initial and final shell heights were statistically analyzed (Table 17). Shell height 
measurements were only taken at the beginning and end of the common garden deployment. 
Initial shell height (i.e. shell height at beginning of common garden deployment) differed 
significantly among site, with Piankatank having the lowest mean initial shell height (35.05 ± 1.1 
mm; Tukey’s HSD; Figure 15, Tables 17 and 18). Because initial shell height was significantly 
different among sites, average final shell height was not statistically analyzed, as the average 
final shell heights were influenced by both growth rate and initial shell height. If growth rate 
could have been measured for individual oysters within groups, final shell height could have 
analyzed as a metric for growth rate, and individual initial shell height could have been used to 
better understand the relationship between final shell height and growth rate. However, looking 
at the data qualitatively, Piankatank had the lowest mean final shell height and Urbanna Creek 
had the highest (Piankatank: 37.37 ± 6.2 mm, Urbanna Creek: 47.87 ± 5.6 mm; Table 18). 
Among oysters from all sites, growth rate was quite low, and there was no mortality under 
common garden conditions (Table 18).  
To evaluate the effects of proximal and distal environmental history, glycogen, change in 
glycogen, condition index, and change in condition index were compared among oysters that 
were collected immediately after their deployment in common garden conditions at VIMS Pier. 
Changes in glycogen and condition index were calculated by comparing the values of glycogen 
and condition index before and after exposure to common garden conditions. Condition index 
differed significantly by distal site (one-way ANOVA; Figure 11, Table 15). Oysters from VIMS 
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Pier had the lowest condition indices among sites (4.61±0.29%; Figure 11), though they differed 
significantly from only Urbanna Creek oysters (Tukey’s HSD; Table 15). The difference 
between condition indices from VIMS Pier oysters and Urbanna Creek oysters was 1.27% 
(Figure 11). Change in condition index also differed significantly by site (one-way ANOVA; 
Figure 12, Table 15). Oysters from VIMS Pier were the only group to show an increase in 
condition index over the common garden period (0.41±0.29%; Tukey’s HSD; Figure 12, Table 
15). The increase in condition index of VIMS Pier oysters was significantly different than the 
condition index decrease in oysters from all other sites (Tukey’s HSD; Figure 12, Table 15). 
Oysters from all other sites exhibited a decrease in condition index (Merroir: -0.80±0.22%, 
Piankatank: -1.84±0.16%, Urbanna Creek -1.18±0.44%; Figure 12). Piankatank oysters had the 
largest decrease in condition index, and their decrease was significantly greater than oysters from 
Merroir by 1.04% (Tukey’s HSD; Figure 12, Table 15). Glycogen and change in glycogen did 
not differ significantly by site (one-way ANOVA; Figures 9 and 10, Table 15).  
 The effects of proximal and distal environmental history on physiological stress response 
were assessed using the total antioxidant potential and change in total antioxidant potential of the 
oysters in the acute salinity exposure. Change in total antioxidant potential were calculated by 
comparing the values of total antioxidant potential before and after exposure to common garden 
conditions. FRAP values from the oysters in the acute salinity exposure after common garden 
conditions were not significant by treatment or site (Two-way ANOVA; Figure 13, Table 16). 
However, change in FRAP values were significantly different by site, with Merroir differing 
between Urbanna Creek and VIMS Pier (Two-way ANOVA, Tukey’s HSD; Figure 14, Table 
16). FRAP values decreased in oysters from Merroir in both treatments; oysters from all other 
sites exhibited increases in FRAP values during common garden conditions (Figure 14). Average 
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FRAP values for oysters from Urbanna Creek and VIMS Pier in the ambient treatment were 
significantly greater than those from Merroir in the ambient treatment, by 153.21% and 
171.58%, respectively. FRAP values for oysters from those sites in the low salinity treatment 
were more similar (Merroir: -2.46±3.98 µmol/g, Urbanna Creek: 5.09±5.62 µmol/g, VIMS Pier: 
6.28±356 µmol/g; Figure 14).  
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Discussion 
 This study aimed to investigate how environmental history affected physiology and stress 
response of the Eastern oyster. Proximal and distal environmental histories were also compared 
to determine their significance on oyster physiology and physiological stress response. The 
results from the study demonstrate that environmental history differed among sites and impacted 
condition indices. However, environmental history did not affect glycogen content and total 
antioxidant potential, indicating that not all physiological traits may be influenced by 
environmental history. During the acute salinity exposure, high salinity levels, short exposure 
time, or decreased antioxidant proteins inducibility under experimental conditions may have 
contributed to the similarity of total antioxidants in oysters from different salinity treatments.  
 Distal environmental history appeared to be more influential in shaping condition indices 
and total antioxidant potential, as both physiological components differed under common garden 
conditions among oysters from different sites. However, proximal environmental history had a 
greater impact on glycogen content, as changes in glycogen content were similar among oysters 
from different sites after they experienced common garden conditions. This finding illustrates 
that physiology can be differentially affected by components of environmental history. Different 
salinity treatments in the acute stress experiment did not affect total antioxidant potential in 
oysters from common garden conditions or change in antioxidant potential (calculated by 
comparing total antioxidant potential in oysters before and after common garden conditions). 
Given my results, oysters experiencing the effects of climate change may be physiologically 
affected by both proximal and distal environmental histories; understanding why proximal or 
distal environmental history affects specific physiological mechanisms can be studied in future 
research. Under potentially stressful conditions caused by climate change, stress physiology may 
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be shaped primarily by distal environmental history, as seen in this study, which emphasizes the 
importance of understanding stress mechanisms and the entirety of an oyster’s environmental 
history. Overall, knowledge on environmental history and its effects on physiology can provide a 
better understanding about how oysters will fare in the face of rapid climate change.  
 
Field water quality  
Oysters at each site were experiencing different environmental histories, as salinity, 
conductivity, and total alkalinity differed among sites. Interestingly, these parameters only 
differed at the VIMS Pier site, as the site had higher salinity, conductivity, and total alkalinity 
than the other three sites. That result indicates that the oysters from Merroir, Piankatank, and 
Urbanna Creek all experienced relatively similar environmental histories, while VIMS Pier 
oysters had a different environmental history compared to the other three sites. During the 
deployments, clear proximal and distal environmental histories were defined by differences in 
the temperature, salinity, and dissolved oxygen at common garden conditions compared to those 
at the four sites during the initial deployment. These differences between individual sites and 
common garden further highlight the distinct environmental conditions that comprise specific 
proximal and distal environmental histories.  
 2018, the year in which this study was conducted, had unusually low salinity, particularly 
from June to December, due to increased precipitation. Increased precipitation also increased 
turbidity, which reduced hypoxic events during certain periods of the year. Temperature in 2018 
followed similar historical trends, but had more extreme high and low temperatures throughout 
the year. Overall, 2018 was not truly representative of typical salinity, precipitation, or hypoxic 
levels (Virginia Estuarine and Coastal Observing System at VIMS). Therefore, the results from 
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this study may not be representative of typical physiological patterns in oysters. However, these 
physiological results can still be utilized as indicators for future physiological impacts as the 
climate changes.   
 
Influence of environmental history on physiology and stress response 
Condition index differed based on environmental history, as oysters from the initial 
deployment at VIMS Pier had lower average condition index than oysters from the initial 
deployments at all other sites. Condition indices in oysters from VIMS Pier may be attributed to 
the environmental history that the oysters from VIMS Pier experienced, as they experienced 
higher average salinity and total alkalinity than the other three sites. For Merroir, Piankatank, 
and Urbanna Creek, similar environmental histories among the sites may have led to similar 
condition indices among oysters from those sites. Condition index has been found to vary during 
points in the reproductive cycle or in response to environmental stressors (Acarli et al. 2011, 
Allen and Downing 1986, Li et al. 2008). Several studies have found salinity to be a particularly 
influential factor in shaping condition indices, and salinity seemed to be a major factor in 
determining condition indices for oysters in this study. VIMS Pier had the highest salinity, while 
the salinities at Merroir, Piankatank, and Urbanna Creek were much lower; however, VIMS Pier 
oysters had the lowest condition indices, while Merroir, Piankatank, and Urbanna Creek oysters 
all had higher condition indices (Table 11, Figure 4). This observed pattern is illustrated by 
Austin et al (1993), which assessed how the salinity of the James, Rappahannock, and York 
Rivers affected oysters. In this study, oysters from low salinity sites (11 psu) had an average 
higher condition index than oysters from higher salinity sites (15 psu). Because of the similarities 
of the results and locations of this study and Austin et al. 1993, low salinity appears to be an 
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important factor leading to higher conditions indices, while high salinity may generate lower 
condition indices. However, other studies have found that condition indices may be augmented 
by high salinity, while low salinities results in low condition indices. For example, La Peyre et 
al. (2009) found that in coastal Louisana, oysters from low salinity sites (4-5 psu) had lower 
condition indices throughout the whole year than oysters from higher salinity sites (9-20 psu). 
This finding contradicts the results of the present study, as oysters from VIMS Pier had the 
lowest condition indices while experiencing the highest salinity water. Differences in Austin et 
al. (1993) and La Peyre et al.’s (2009) results may have been due to the locations where these 
studies were conducted and what populations of oysters they were using. La Peyre et al.’s (2009) 
study was done in Louisiana using oysters from that region, while Austin et al. (1993) examined 
the James, Rappahannock, and York Rivers in the Chesapeake Bay and the oysters that inhabited 
them. Due to the locations, oysters from these studies were experiencing different environmental 
conditions, and were most likely adapted in different ways to those environmental conditions. 
Because the present study was done using sites on the Rappahannock and York Rivers with 
oysters spawned on the York River, the Austin et al. (1993) results would be most appropriate 
for comparison. Thus, while La Peyre et al. demonstrates that high salinity is better for oysters in 
Louisiana, this study and Austin et al. signify that low salinity (<15 psu), thought to be 
detrimental to oyster health and survival, can actually benefit oyster growth in James, 
Rappahannock, and York Rivers. In this study, salinity appears to be a relevant environmental 
factor in determining condition indices of oysters from different sites.  
Other abiotic or biotic factors that were not measured in this study may have also shaped 
the differences in condition index by site. For instance, condition index can also be affected by 
the disease dermo caused by the parasite Perkinsus marinus, which is particularly virulent in 
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high salinity waters. Oysters in lower salinity waters typically do not have high rates of P. 
marinus infection, suggesting that oysters in low salinity, with lower rates of infection, will 
likely have more energy to put into energy storage and growth, leading to increased condition 
indices (Chu and Volety 1997, La Peyre et al. 2009, Drexler et al. 2014). Therefore, it is possible 
that the lower salinity sites in this study could have yielded oysters with large condition indices, 
as the rate of infection would have been lower. However, oysters in higher salinity waters are 
more likely to contract P. marinus; if infected, significant energy will be utilized to combat the 
infection, which may decrease oyster condition indices. Since the highest salinities were at 
VIMS Pier, oysters at this site may have been stressed from P. marinus infection, resulting in 
lower condition indices. Food availability has also been shown to affect condition indices. Acarli 
et al. (2001) found that increased abundance of chlorophyll-a, leads to higher condition indices in 
flat oysters (Ostrea edulis). In environments with high nutrient levels, oysters can put more 
energy into growth of tissue or shell or into reproductive activities, enabling them to have higher 
condition indices. Although this study did not measure chlorophyll-a concentrations, food may 
have been more abundant in low salinity and low total alkalinity waters, enabling oysters in those 
environments to obtain more energy to put into tissue and shell growth. If the variables discussed 
were present at some stress-inducing level in this study, the balance of energy demand would 
have been altered in order to combat the stressor, which may have produced lower condition 
indices.  
Condition index and glycogen content are physiologically related, as they both are 
associated with energy storage and utilization. Based on that relationship, it could be 
hypothesized that condition index and glycogen content in oysters from the same site would be 
affected in the same way. In this study, condition index differed among sites, while glycogen 
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content was similar among sites, suggesting that the two may not closely related in the context of 
environmental history. Similar glycogen content by site signifies that glycogen was not affected 
by the differences in environmental history between VIMS Pier and the other three sites. 
Glycogen is similar to condition index in its variation during reproduction or environmental 
stress. During the annual reproductive cycle, glycogen reserves are built up from August to May 
so that they can be utilized for gametogenesis and spawning. In May through July, glycogen 
reserves in adult oysters drop, as the energy is being used for gamete production and spawning. 
Glycogen content is usually lowest in July (4-5% dry weight), as spawning is occurring during 
this time. After spawning, oysters begin to store glycogen again, with maximum glycogen 
content reaching between 25-35% dry weight (Allen and Downing 1986). Environmental 
stressors, such as pollutants and food absence, can also affect glycogen storages; interestingly, 
there are few studies that examine how environmental factors affect glycogen content. Encomio 
and Chu (2000) investigated the effects of polychlorinated biphenyls (PCBs), a manmade 
chemical used in electrical equipment, on glycogen storage in mantle, muscle, and gonadal 
tissue. They found that glycogen in the adductor muscle decreased in response to increasing PCB 
doses, indicating that environmental stress can negatively impact glycogen stores. Food 
deprivation was also found to decrease glycogen content, as oysters must utilize their glycogen 
reserves to maintain homeostasis in the absence of food (Li et al. 2008). Between all sites in the 
present study, glycogen content was in a moderate range from 8% to 14% of dry weight. It is 
unlikely that the four to five month old juvenile oysters in this study were putting energy 
reserves towards reproduction, as Eastern oysters reach sexual maturity in one year (Allen and 
Downing 1986). It is more likely that oysters in this study were using glycogen to either fuel 
growth or combat environmental stress from an unmeasured environmental variable, such as 
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food availability or pollution. Overall, from my findings, the environmental history variables 
evaluated in this study had little to no impact on glycogen content in oysters, indicating that the 
environmental histories in this study do not affect all physiological traits.  
Neither environmental history nor different salinity treatments affected the total 
antioxidant potentials from oysters subjected to acute exposures after the initial deployment, as 
total antioxidant potentials were similar between sites and treatments. As stated above, 
environmental histories differed in oysters from different sites, but this did not affect how oysters 
among sites responded to the low salinity treatment. The original goal for the experiment 
exposures was to establish different salinities between treatments; however, other water quality 
factors could not be controlled for due to the experimental design and the resources available. As 
a result, salinity, conductivity, pH, and total alkalinity were different among the four treatments. 
The low treatment was also higher than those from the ambient treatments for VIMS Pier and 
Piankatank-Urbanna Creek. These water quality characteristics are also ecologically relevant to 
oyster physiology, and they may act synergistically or antagonistically with salinity to affect 
oyster physiology. For instance, temperature and salinity have been found to be dominant factors 
that affect oyster growth, condition index, larval development, feeding activity, among other 
things. Heilmayer et al. 2008 found that high temperature (>25°C) and low salinity (<5 psu) lead 
to lower condition indices, feeding cessation, and constant valve closure in Eastern oysters. 
Salinity and pH have also been found to act synergistically; Dickinson et al. (2012) found that 
low pH and low salinity led to a decrease in survival rates and reduction of glycogen and lipid 
energy stores. The studies presented demonstrate that the low salinity treatment could have been 
stressful to oysters, as the treatment had the highest temperature and lowest salinity and pH 
among the four treatments. Despite evidence that oysters could have been stressed by the low 
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treatment conditions and had different environmental histories, total antioxidant potential did not 
differ between treatments or sites.  
 The similarities of total antioxidant potential by site and treatment could have been 
influenced by a variety of components, such as salinity level, duration of exposure, and induction 
of antioxidants. In this study, the low salinity treatment of 5 psu may have not been low enough 
to stress the oysters within the specified 48 hours of the laboratory exposure. Eastern oysters can 
survive in salinities as low as 0.5, and salinity tolerance can vary by population and region 
(Wells 1961). Previous low salinity studies have used salinity as low as 1.5 to 3 psu (Heilmayer 
et al. 2008, Hosoi et al. 2003), but others have defined low salinity as 7 to 10 (Butt et al. 2006, 
McFarland et al. 2013). Thus, there is no clear salinity range that can be confidently applied to an 
oyster’s low salinity tolerance as it depends on population dynamics, environmental conditions, 
and genetics, among other things. Thus, the oysters in this study may have been physiologically 
tolerant to 5 psu when exposed for only 48 hours. In addition to salinity level, the time frame of 
the salinity exposure in this study may not have been long enough to induce major changes in 
total antioxidant potential. Other antioxidant and stress studies have had exposure lengths of two 
to eleven weeks, which provided more time for physiological stress responses to develop 
(Dickinson et al. 2011, Matoo et al. 2013, Munari et al. 2018).  
Another explanation is that antioxidant proteins may be constitutively expressed within 
Eastern oysters, meaning that oysters would produce antioxidants in order to acclimatize or 
respond to their longer-term environment. The duration and salinity levels of the laboratory 
experiment in this study may not have reached the threshold for an inducible antioxidant stress 
response. However, in other studies, production of particular antioxidant enzymes can be 
induced in response to acute stress treatments. Kamel et al. (2014) found that catalase, an 
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antioxidant enzyme, increased significantly after being exposed to high levels of heavy metal 
pollution for 72 hours. Tomanek et al. (2011) examined how elevated pCO2 levels influenced 
protein regulation, using two weeks as their acute exposure time. They found that many 
antioxidant enzymes were upregulated after the two week exposure to elevated pCO2. The 
antioxidant, catalase, also was found to increase in response to elevated temperatures and certain 
levels of copper ion concentration; the authors of this paper defined their acute exposure as 30 
days (Wang et al. 2015). The previous two studies used at least two weeks for their acute 
exposure, indicating that total antioxidant potential may not be inducible by only two days of 
stressful conditions, as was used in the present study. Other studies about antioxidant response 
after longer exposures in the laboratory or in the field also have a constitutive component. Niyogi 
et al. (2001) examined the seasonal trends of several antioxidants in the oyster Saccostrea 
cucullate in the Hooghly estuary in India. The authors found that antioxidants reached a 
maximum in March to July, which is pre-monsoon period when waters are most saline. 
Antioxidants decreased during the monsoon season as the water became fresher from July to 
October, and reached a minimum in November to February. The changes in antioxidants in their 
study occurred over several months, suggesting that antioxidants are constitutively produced and 
are part of acclimation to changing environments over time. Matoo et al. (2013) used both a 
short-term (2 weeks) and long-term (8-15 weeks) pCO2 and temperature exposure to compare 
differences in physiological response between them using Crassostrea virginica as one of their 
study organisms. Oysters exposed to elevated pCO2 and normal temperature levels for eight 
weeks had increased in total antioxidant capacity, but when measured again at 15 weeks, total 
antioxidant capacity had stabilized, indicating acclimation to the new environment over time. 
Based on the evidence above, the length of time used in the present study may not have been 
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sufficient to generate meaningful changes in total antioxidant potential. Although total 
antioxidant potential did not differ between sites or treatments, other factors not assessed in this 
study, such as salinity treatment level, duration of exposure, and the degree of antioxidant 
inducibility could be relevant to other future studies on this topic.  
 
Influence of proximal and distal environmental history on physiology and stress response 
An oyster’s condition index was more influenced by distal environmental history than 
proximal environmental history over the time scale that the oysters were deployed. After 
common garden conditions, condition indices of oysters from different groups changed in 
different ways from their initial state before common garden conditions, supporting the 
hypothesis that distal environmental history has a greater impact on condition index. While in 
common garden conditions, condition indices of oysters from VIMS Pier increased, while 
condition indices from oysters from all other sites decreased. Oysters from VIMS Pier were not 
moved to a different site during the common garden deployment, so they did not experience any 
abrupt environmental shifts. Condition indices only increased in oysters originally from VIMS 
Pier, which suggests that oysters from VIMS Pier likely remained acclimated to the water quality 
conditions at their site, and were able to put energy towards increasing their tissue and shell 
mass. In common garden conditions, oysters from Merroir, Piankatank and Urbanna Creek 
experienced higher average salinity levels, and this abrupt increase in salinity may have been 
stressful. My results above along with those from other studies suggest that lower salinity may 
have some benefits to oysters, and the decrease in condition indices in oysters from Merroir, 
Piankatank, and Urbanna Creek in response to higher salinity further supports this conclusion 
(Austin et al. 1993). Other factors may have influenced the decrease in condition index, such as 
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food availability (Acarli et al. 2001), reproductive or growth state (Acarli et al. 2011, Allen and 
Downing 1986, Li et al. 2008), or disease (Chu and Volety 1997, La Peyre et al. 2009, Drexler et 
al. 2014). The changes in condition indices here further support my conclusion that Eastern 
oysters from specific locations in the Chesapeake Bay might fare better in low salinity conditions 
rather than high salinity.  
 When evaluating glycogen content, proximal environmental history appears to be most 
influential, as glycogen content from oysters collected at the end of common garden conditions 
was similar among groups. Change in glycogen content, or the comparison of glycogen in 
oysters before and after common garden conditions, was also similar among groups. Because the 
glycogen content in oysters from different groups changed in a similar way, proximal 
environmental history seems to be significant in shaping this specific physiological response. 
This contradicts my claim above about the importance of distal environmental history on 
physiological responses. The similarity of glycogen content in oysters from all sites illustrates 
that physiological factors can be influenced by different portions of an oyster’s environmental 
history; more physiological components must be evaluated to further understand the significance 
of proximal and distal environmental history. After common garden conditions, glycogen content 
increased in oysters from all sites, and it is possible that a component of proximal environmental 
history may have played a primary role. In common garden conditions, oysters from all sites 
were experiencing increased average pH and decreased average pCO2, which is likely not as 
stressful as than conditions with low pH and high pCO2 (Table 1). When in low pH and high 
pCO2 conditions, the metabolic rate of marine invertebrates increases to maintain homeostasis 
and support potential stress responses. Higher metabolic rates require more energy, which can 
cause depletion of glycogen stores (Parker et al. 2013). Tissue energy stores have also been 
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shown to be depleted under low pH conditions (Dickinson et al. 2012). In numerous 
invertebrates, including the Eastern oyster, other processes, such as respiration, protein 
production, and calcification can be affected by low pH or increased pCO2; these physiological 
processes require energy, potentially from glycogen stores, for maintenance or adjustment of said 
processes (Ries et al. 2009, Beniash et al. 2010, Dickinson et al. 2012). Thus, glycogen can be 
depleted in a number of ways in low pH and high pCO2 conditions. Based on this evidence, the 
high pH and low pCO2 conditions in common garden conditions may have allowed oysters from 
all sites to potentially increase glycogen storage in the absence of stressful carbonate chemistry 
conditions. As noted in previous sections, this increase in glycogen among oysters from all sites 
could also have been influenced by abiotic or biotic variables not measured in this study, such as 
reproductive and growth efforts (Allen and Downing 1986), pollution (Encomio and Chu 2000), 
and food availability (Li et al. 2008). 
 Neither treatment nor site significantly affected total antioxidant potential in oysters that 
experienced the acute salinity exposure after common garden conditions. Change in total 
antioxidant potential, or the comparison of total antioxidant potential in oysters before and after 
common garden conditions, differed by distal site only. Processes related to antioxidants did not 
seem to be affected by acute change in water quality conditions, as treatment did not affect total 
antioxidant potential and change in total antioxidant potential. This was surprising, as all water 
quality factors differed from one another in the ambient and low salinity treatments using oysters 
collected after common garden conditions; once again, other water quality factors could not be 
controlled for, due to the experimental design and the resources available. As previous studies 
have examined, certain levels of temperature, salinity, pH, pCO2 and others can negatively 
impact oyster physiology; these levels were present in the low treatment, indicating that it was 
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still the more stressful treatment (Heilmayer et al. 2008, La Peyre et al. 2009, Dickinson et al. 
2011). Even though water quality conditions and salinity levels in the low treatment have been 
shown to induce stress, change in total antioxidant potential was not affected by treatment.  
Due to the lack of difference by treatment, antioxidant proteins may be constitutive, 
which supports my previous claim regarding antioxidants and their inducibility. Despite evidence 
indicating that acute stress can generate an antioxidant stress response, this study did not identify 
any treatment differences, suggesting that more extreme treatment levels may be needed to 
induce antioxidant expression (Tomanek et al. 2011, Kamel et al. 2014, Wang et al. 2015). 
Longer exposure times may also be needed to observe antioxidant-relevant stress responses; 
other studies have seen that, over long periods of time, antioxidant potential become prevalent 
when invertebrates acclimate to new environments or invoke physiological responses to longer-
term stressful conditions (Niyogi et al. 2001, Matoo et al. 2013). Therefore, future research must 
be done to accurately assess how exposure duration and stress physiology interact with different 
treatments and sites.  
 Distal environmental history appears to influence how total antioxidant potential changed 
in oysters from different sites after common garden conditions. Significance of the distal sites 
indicates that results for total antioxidant potential would have likely been the same if oysters 
had been analyzed directly after common garden conditions and had not experienced the acute 
salinity exposure. Because oysters from different sites differed in how their antioxidants 
changed, the hypothesis that distal environmental history has a greater influence oyster stress 
physiology is supported. Merroir was the only site to have oysters that experienced decreases in 
total antioxidant potential; oysters in all other sites increased in their total antioxidant potential. 
Interestingly, total antioxidant potential increased in oysters from VIMS Pier, even though they 
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had been in the most suitable water quality conditions during the initial four-month deployment 
(Wells 1961, Bataller et al. 1999, La Peyre et al. 2009). Oysters from Piankatank and Urbanna 
Creek also increased in their total antioxidant potentials, indicating they were under stress or 
were acclimating to the new water quality conditions during the common garden deployment 
(Niyogi et al. 2001, Matoo et al. 2013, Kamel et al. 2014, Tomanek et al. 2011, Wang et al. 
2015). Even though Merroir had a similar distal environmental history to Piankatank and 
Urbanna Creek and differed from common garden conditions, oysters from Merroir decreased in 
total antioxidant potential. While in common garden conditions, Merroir oysters were in higher 
pH and lower pCO2 than at their previous site, which has been showed to be beneficial 
environmental conditions by other studies (Wells 1961, Bataller et al. 1999, Dickinson et al. 
2011, Waldbusser et al. 2011, La Peyre et al. 2013, Parker et al. 2013, Linhoss et al. 2016). Thus, 
total antioxidant potential may have decreased in Merroir oysters because common garden 
conditions were not as environmentally stressful as the Merroir site. Alternatively, decreased 
total antioxidant potential in Merroir oysters could be attributed to something not measured in 
this study, such as food availability or period of growth and reproduction.  
 
Conclusions 
  Components of environmental history are becoming well-studied in organisms that are 
susceptible to climate change, such as corals and oysters (Brown et al. 2002, Giomi et al. 2016, 
Wall et al. 2018). This study demonstrates that the environmental history, more specifically 
distal environmental history, has a significant impact on the physiology and physiological stress 
responses in Eastern oysters. However, not all physiological measurements examined here were 
affected by environmental history, denoting the relevance of other factors, such as reproduction 
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or genetic lines, in shaping an oyster’s physiology. Salinity and carbonate chemistry at the distal 
sites appear to be significant environmental factors that can impact an oyster’s physiology and 
physiological stress response at the time scale of the study. Although acute salinity treatments 
did not affect stress physiology in this study, insights about exposure duration, environmental 
treatment levels, and inducibility of response were gained, which can be applied to future 
studies. 
 Based on the results of the current study, oysters living in conditions with low salinity 
and variable carbonate chemistry may do better under certain environmental changes. Oysters 
who previously resided in low salinity conditions may tolerate lower or fluctuating salinities 
brought on by increased precipitation and freshwater run-off better than oysters living in higher 
salinity conditions. As demonstrated by the results of this study, higher salinities may be 
detrimental to oysters living in the York and Rappahannock Rivers; in these conditions, oysters 
physiological health may be compromised, preventing oysters from adequately responding to 
changing environmental conditions. However, as salinity at more saline sites drops, the 
physiological condition of oysters may improve, as the salinity is now at ideal levels for oyster 
survival and performance in that area. These predictions are quite general, and physiological 
response to climate change can depend on a multitude of other factors, such as age, location, 
previous or current reproductive state, or food availability.  
 The year in which this study was conducted, 2018, was atypical in its precipitation and 
salinity levels, and therefore, these results of this study should not be used as standard 
physiological responses to average environmental conditions. However, as the climate continues 
to change and certain environments become more variable, the results can be valuable for 
predicting how oysters will respond to future conditions under climate change. Understanding 
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how oysters fare in different conditions allows smarter management and protection practices to 
be implemented throughout the Chesapeake Bay; for example, restoration agencies could 
determine what locations could feasibly maintain a viable oyster reef by examining the 
environmental histories of the oysters that may be used in the project. By employing these types 
of studies in restoration and management efforts, oyster populations and their ecosystem services 
can continue to be viable in the face of uncertain environmental change. More research on 
environmental history and oysters can lead to a better understanding of how oyster physiology, 
health, and performance is shaped.  
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Tables  
Table 1: Water quality conditions at four Chesapeake Bay sites (mean ± standard error). Data 
from Merroir, Piankatank, Urbanna Creek, and VIMS Pier were collected from July 2018 to 
November 2018 on a biweekly basis. Data from common garden conditions were collected from 
November 2018 to December 2018 on a weekly basis.  
 
Site Temp. 
(°C) 
Sal. 
(psu) 
Cond. 
(S/m) 
D.O. 
(mg/mL) 
D.O. 
(%) 
pH AT 
(µmol/ 
kg-1) 
pCO2 
(atm) 
WCa WAr 
Merroir 25.0 ± 
1.8 
11.3 
± 0.5 
19231 
±  
1202 
6.3 ± 0.8 81.4 
± 8.0 
7.8 
± 
0.1 
1415 ± 
25 
1100 
± 154 
1.3 
± 
0.2 
0.8 
± 
0.1 
           
Piankatank 26.0 ± 
1.8 
8.6 ± 
1.0 
15318 
± 
1835  
6.7 ± 1.1 81.4 
± 8.0  
7.61 
± 
0.1 
1348 ± 
79 
2719 
± 
1016 
1.2 
± 
0.5 
0.7 
± 
0.3 
           
Urbanna 
Creek 
24.8 ± 
1.7  
9.1 ± 
0.8 
15657 
± 
1417 
6.5 ± 0.7 79.5 
± 6.8 
7.68 
± 
0.1 
1289 ± 
55 
1191 
± 191 
1.1 
± 
0.1 
0.7 
± 
0.1 
           
VIMS Pier 24.8 ± 
1.6 
15.7 
± 0.4 
25713 
± 
1006 
5.9 ± 0.1 74.8 
± 
10.8 
7.81 
± 
0.1 
1571 ± 
15 
936 ± 
164 
1.8 
± 
0.3 
1.1 
± 
0.2 
           
Common 
garden 
11.2 ± 
1.3 
13.3 
± 0.5 
16377 
± 
1018 
11.8 ± 
0.7 
118.2 
± 3.6 
7.91 
± 
0.0 
1402 ± 
30 
508 ± 
48 
1.0 
± 
0.1 
0.6 
± 
0.1 
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Table 2: Water quality conditions in the containers during the acute salinity exposure for the 
oysters that were collected after the initial deployment (mean ± standard error). The exposure 
lasted 48 hours. Every 12 hours, water was changed in the experimental containers, and water 
quality measurements were taken. The low salinity treatment was 5 psu. The ambient salinity 
treatment levels were 11 psu for Merroir (MR), 9 psu for both Piankatank (PR) and Urbanna 
Creek (UC), and 16 for VIMS Pier (VP).  
 
Treatment Temp. 
(°C) 
Sal. 
(psu) 
Cond. 
(S/m) 
DO 
(mg/mL) 
DO 
(%) 
pH AT 
(µmol/ 
kg-1) 
pCO2 
(atm) 
Low 17.2 ± 
0.1 
5.0 ± 
0.0 
7595 ± 
53 
9.2 ± 0.0 100.9 ± 
0.6 
7.52 ± 
0.0 
442± 4 611 ± 
9 
         
MR – 
Ambient 
16.9 ± 
0.1 
11 ± 
0.0 
1544 ± 
161 
9.1 ± 0.1 101.8 ± 
1.1 
7.67 ± 
0.0 
1039 ± 
10 
700 ± 
36 
         
PR, UC – 
Ambient 
16.9 ± 
0.1 
8.9 ± 
0.0 
12888 ± 
39 
9.2 ± 0.0 100.0 ± 
0.6 
7.62 ± 
0.0 
842 ± 
12 
693 ± 
21 
         
VP – 
Ambient 
16.8 ± 
0.1 
16.2 ± 
0.0 
22246 ± 
76 
8.9 ± 0.1 102.1 ± 
1.0 
7.73 ± 
0.0 
1552 ± 
2 
680 ± 
56 
 
 
 
Table 3: Water quality conditions in the containers during the acute salinity exposure for the 
oysters that were collected after common garden conditions (mean ± standard error). The 
exposure lasted 48 hours. Every 12 hours, water was changed in the experimental containers, and 
water quality measurements were taken. The low salinity treatment level was 5 psu, and the 
ambient salinity treatment level was between 11 to 12 psu.  
 
Treatment Temp. 
(°C) 
Sal 
(psu) 
Cond. 
(S/m) 
DO 
(mg) 
DO 
(%) 
pH AT 
(µmol/ 
kg-1) 
pCO2 
(atm) 
Ambient 11.1 ± 
0.2 
11.9 ± 
0.0 
14671 ± 
63 
10.9 ± 
0.1 
106.40 
± 0.3 
7.8 ± 
0.0 
1247 ± 
11 
620 ± 
8 
         
Low 12.1 ± 
0.2 
4.9 ± 
0.0 
6603 ± 
42 
11.6 ± 
0.1 
113.0 ± 
0.6 
7.6 ± 
0.0 
548 ± 2 646 ± 
5 
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Table 4: Statistical comparisons of water quality measurements by site with one-way ANOVA 
using type III sum of squares. These measurements were taken at each site biweekly from July 
2018 to November 2018. Degrees of freedom, F-values, and p-values (p) were reported for these 
tests. If the one-way ANOVA was significant, a Tukey’s post-hoc test was run to compare the 
water quality measurements between pairs of sites. For post-hoc tests, t-values and p-values (p) 
were reported. MR refers to Merroir, PR refers to Piankatank River, UC refers to Urbanna Creek, 
and VP refers to VIMS Pier.  
 
Response 
Variable 
df F-value p Comparison 
of Sites 
t-value p 
Temperature 3 0.120 0.948    
Salinity 3 19.221 <0.001  
PR – MR  
UC – MR  
VP – MR  
UC – PR  
VP – PR  
VP – UC  
 
-2.646 
-2.218 
4.247 
0.428 
6.823 
6.406 
 
0.056 
0.138 
<0.001 
0.973 
<0.001 
<0.001 
Conductivity 3 11.079 <0.001  
PR – MR  
UC – MR  
VP – MR  
UC – PR  
VP – PR  
VP – UC  
 
-1.975 
-1.804 
3.186 
0.171 
5.108 
4.941 
 
0.217 
0.289 
0.016 
0.998 
<0.001 
<0.001 
D.O. (mg/mL) 3 0.111 0.953    
D.O. (%) 3 0.303 0.823    
pH 3 1.736 0.178    
Total 
Alkalinity  
3 5.301 0.004  
PR – MR  
UC – MR  
VP – MR  
 
-0.924 
-1.743 
2.101 
 
0.792 
0.317 
0.173 
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UC – PR  
VP – PR  
VP – UC  
-0.819 
3.000 
3.798 
0.845 
0.024 
0.003 
pCO2 3 2.354 0.088    
WCalcite 3 1.217 0.318    
WAragonite 3 1.269 0.299    
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Table 5: Statistical comparison of water quality measurements between the distal period at 
Merroir and the common garden conditions. A one-way ANOVA using type III sum of squares 
was performed. Merroir (MR) measurements were taken at each site biweekly from July 2018 to 
November 2018, and common garden (VP2) measurements were taken weekly at VIMS Pier 
from November 2018 to December 2018. Degrees of freedom, F-values, and p-values (p) were 
reported for these tests. If the one-way ANOVA was significant, a Tukey’s post-hoc test was run 
to compare the water quality measurements between pairs of sites. For post-hoc tests, t-values 
and p-values (p) were reported.  
 
Response 
Variable 
df F-value p Comparison 
of Sites 
t-value p 
Temperature 1 24.084 <0.001 VP2 – MR -4.908 <0.001 
Salinity 1 6.159 0.027 VP2 – MR 2.482 0.027 
Conductivity 1 2.341 0.15    
D.O. (mg/mL) 1 18.356 <0.001 VP2 – MR 4.284 <0.001 
D.O. (%) 1 9.898 0.007 VP2 – MR 3.146 0.007 
pH 1 1.038 0.327    
Total 
Alkalinity  
1 0.089 0.771  
 
 
 
 
pCO2 1 6.990 0.020 VP2 – MR -2.644 0.020 
WCalcite 1 1.083 0.317    
WAragonite 1 1.173 0.298    
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Table 6: Statistical comparison of water quality measurements between the distal period at 
Piankatank and the common garden conditions. A one-way ANOVA using type III sum of 
squares was performed. Piankatank River (PR) measurements were taken at each site biweekly 
from July 2018 to November 2018, and common garden (VP2) measurements were taken weekly 
at VIMS Pier from November 2018 to December 2018. Degrees of freedom, F-values, and p-
values (p) were reported for these tests. If the one-way ANOVA was significant, a Tukey’s post-
hoc test was run to compare the water quality measurements between pairs of sites. For post-hoc 
tests, t-values and p-values (p) were reported. 
 
Response 
Variable 
df F-value p Comparison 
of Sites 
t-value p 
Temperature 1 28.561 <0.001 VP2 – PR -5.344 <0.001 
Salinity 1 10.686 0.006 VP2 – PR 3.269 
 
0.006 
Conductivity 1 0.149 0.704    
D.O. (mg/mL) 1 9.412 0.008 VP2 – PR 3.068 0.008 
D.O. (%) 1 19.201 <0.001 VP2 – PR 4.382 <0.001 
pH 1 6.305 0.026 VP2 – PR 2.511 0.026 
Total 
Alkalinity  
1 0.218 0.648  
 
 
 
 
pCO2 1 2.276 0.155  
 
 
 
 
 
WCalcite 1 0.060 0.810    
WAragonite 1 0.070 0.794    
 
 
 
 
 
 
 
 
 68 
Table 7: Statistical comparison of water quality measurements between the distal period at 
Urbanna Creek and the common garden conditions. A one-way ANOVA using type III sum of 
squares was performed. Urbanna Creek (UC) measurements were taken at each site biweekly 
from July 2018 to November 2018, and common garden (VP2) measurements were taken weekly 
at VIMS Pier from November 2018 to December 2018. Degrees of freedom, F-values, and p-
values (p) were reported for these tests. If the one-way ANOVA was significant, a Tukey’s post-
hoc test was run to compare the water quality measurements between pairs of sites. For post-hoc 
tests, t-values and p-values (p) were reported. 
 
Response 
Variable 
df F-value p Comparison 
of Sites 
t-value p 
Temperature 1 27.243 <0.001 VP2 – UC -5.219 <0.001 
Salinity 1 12.057 0.004 VP2 – UC 3.472 
 
0.004 
Conductivity 1 0.111 0.744    
D.O. (mg/mL) 1 20.432 <0.001 VP2 – UC 4.52 <0.001 
D.O. (%) 1 14.537 0.002 VP2 – UC 3.813 0.002 
pH 1 0.63 0.442    
Total 
Alkalinity  
1 1.909 0.190  
 
 
 
 
pCO2 1 6.038 0.029 VP2 – UC  
 
-2.457 
 
0.029 
 
WCalcite 1 0.321 0.581    
WAragonite 1 0.743 0.404    
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Table 8: Statistical comparison of water quality measurements between the distal period at 
VIMS Pier and the common garden conditions. A one-way ANOVA using type III sum of 
squares was performed. Pairwise comparisons were used to individually compare each site to the 
common garden conditions. VIMS Pier (VP) measurements were taken at each site biweekly 
from July 2018 to November 2018, and common garden (VP2) measurements were taken weekly 
at VIMS Pier from November 2018 to December 2018. Degrees of freedom, F-values, and p-
values (p) were reported for these tests. If the one-way ANOVA was significant, a Tukey’s post-
hoc test was run to compare the water quality measurements between pairs of sites. For post-hoc 
tests, t-values and p-values (p) were reported. 
 
Response 
Variable 
df F-value p Comparison 
of Sites 
t-value p 
Temperature 1 32.826 <0.001 VP2 – VP -5.729 <0.001 
Salinity 1 13.4 0.003 VP2 – VP -3.661 
 
0.003 
Conductivity 1 35.93 <0.001 VP2 – VP  -5.994 <0.001 
D.O. (mg/mL) 1 16.074 0.001 VP2 – VP 4.009 0.001 
D.O. (%) 1 8.344 0.014 VP2 – VP 2.889 0.014 
pH 1 <0.001 0.416    
Total 
Alkalinity  
1 32.157 <0.001 VP2 – VP  
 
-5.671 
 
<0.001 
pCO2 1 3.546 0.084    
WCalcite 1 4.303 0.060    
WAragonite 1 4.612 0.053     
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Table 9: Statistical comparison of water treatments during acute salinity exposure with oysters 
collected after the initial deployment by treatment. This exposure had four salinity treatments: 
low (5 psu), Merroir ambient (11 psu), Piankatank-Urbanna Creek ambient (9 psu) and VIMS 
Pier ambient. For normally distributed variables, one-way ANOVA with type III sum of squares 
was used. Degrees of freedom, F-values, and p-values (p) were reported for the one-way 
ANOVA tests. If the one-way ANOVA was significant, a Tukey’s post-hoc test was run. For 
variables that were not normally distributed, the Kruskal-Wallis test was used. Degrees of 
freedom, Kruskal-Wallis chi-squared values, and and p-values (p) were reported for these tests. 
If the Kruskal-Wallis test was significant, a Dunn test was run. A1 refers to Merroir ambient 
salinity treatment, A2 refers to Piankatank-Urbanna Creek ambient salinity treatment, A3 refers 
to VIMS Pier ambient salinity treatment, and L refers to low salinity treatment. 
 
Response 
Variable 
df F-
value 
K-W 
chi-
squared 
p Comparison 
of 
Treatments 
t-
value 
Z-
value 
p 
Temperature 3  9.845 0.020     
     L – A1  1.952 0.051 
     L – A2  2.492 0.013 
     A1 – A2  0.019 0.984 
     L – A3  2.114 0.035 
     A1 – A3  0.128 0.898 
     A2 – A3  0.168 0.867 
         
Salinity 3  382.91 <0.001     
     L – A1  13.037 <0.001 
     L – A2  11.220 <0.001 
     A1 – A2  3.967 <0.001 
     L – A3  15.934 <0.001 
     A1 – A3  2.290 <0.001 
     A2 – A3  6.611 <0.001 
         
Conductivity 3  373.39 <0.001     
     L – A1  12.668 <0.001 
     L – A2  11.124 <0.001 
     A1 – A2  3.698 <0.001 
     L – A3  15.858 <0.001 
     A1 – A3  2.522 <0.001 
     A2 – A3  6.611 <0.001 
         
D.O. (%) 3 1.268  0.285     
D.O. 
(mg/mL) 
3 0.230  0.876     
pH 3  95.186 <0.001     
     L – A1  6.287 <0.001 
     L – A2  5.706 <0.001 
     A1 – A2  1.705 <0.001 
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     L – A3  8.040 <0.001 
     A1 – A3  1.386 <0.001 
     A2 – A3  3.305 <0.001 
         
Total 
Alkalinity 
3  184.55 <0.001     
     L – A1  9.479 <0.001 
     L – A2  8.154 <0.001 
     A1 – A2  2.887 <0.001 
     L – A3  10.285 <0.001 
     A1 – A3  1.499 <0.001 
     A2 – A3  4.315 <0.001 
         
pCO2 3 4.787  0.003     
     L – A1 2.634  0.042 
     L – A2 3.126  0.010 
     A1 – A2 2.031  0.174 
     L – A3 -0.194  0.997 
     A1 – A3 -0.477  0.963 
     A2 – A3 -0.356  0.984 
 
 
Table 10: Statistical comparison of water treatments during acute salinity exposure with oysters 
from common garden conditions. This exposure only had two salinity treatments: ambient (11-12 
psu) and low (5 psu). For normally distributed variables, one-way ANOVA with type III sum of 
squares was used. Degrees of freedom, F-values, and p-values (p) were reported for the one-way 
ANOVA tests. For variables that were not normally distributed, the Kruskal-Wallis test was 
used. Degrees of freedom, Kruskal-Wallis chi-squared values, and and p-values (p) were 
reported for these tests.  
 
Response 
Variable df F-value 
K-W chi-
squared p 
Temperature 1  20.634 <0.001 
Salinity 1  336.780 <0.001 
Conductivity 1 12083  <0.001 
D.O. (%) 1  113.970 <0.001 
D.O. (mg/mL) 1 67.367  <0.001 
pH 1 374.81  <0.001 
Total Alkalinity 1 10085  <0.001 
pCO2 1  23.082 <0.001 
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Table 11: Statistical comparison of physiological measurements of oysters that were collected 
immediately following initial deployment (July 2018 to November 2018) by site with one-way 
ANOVA using type III sum of squares. Degrees of freedom, F-values, and p-values (p) were 
reported for these tests. If the one-way ANOVA was significant, a Tukey’s post-hoc test was run 
to compare the physiological measurements between pairs of sites. For post-hoc tests, t-values 
and p-values (p) were reported. MR refers to Merroir, PR refers to Piankatank River, UC refers 
to Urbanna Creek, and VP refers to VIMS Pier.    
 
Response 
Variable 
df F-value p Comparison 
by Site 
t-value p 
Condition 
Index 
3 18.913 <0.001  
PR – MR 
 
2.312 
 
0.118 
    UC – MR 2.209 0.144 
    VP – MR -4.323 <0.001 
    UC – PR 0.046 1.000 
    VP – PR -6.636 <0.001 
    VP – UC -6.254 <0.001 
Glycogen 3 2.29 0.098 
 
 
Table 12: Statistical comparison of total antioxidant potential of oysters that were collected 
immediately following initial deployment (July 2018 to November 2018) and put through the 
acute salinity exposure. A two-way ANOVA using type III sum of squares was done with site 
and treatment as independent variables. Degrees of freedom, chi-squared values, and p-values (p) 
was reported. A full model was made with an interaction term. All terms in the full model were 
insignificant, and the full model was compared to a reduced model with no interaction term. The 
models did not differ from one another, so analysis proceeded using the reduced model. 
Treatment and site in the reduced model were insignificant.  
 
 
Response 
Variable 
Reduced 
model terms 
df Chi-squared 
value 
p 
Total antioxidant 
potential 
 
Treatment 
 
1 
 
0.029 
 
0.865 
 Site 3 2.045 0.563 
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Table 13: Statistical comparison of initial and final shell heights of oysters that were deployed 
from July 2018 to November 2018 by site with one-way ANOVA using type III sum of squares. 
Degrees of freedom, F-values, and p-values (p) were reported for these tests. If the one-way 
ANOVA was significant, a Tukey’s post-hoc test was run to compare the physiological 
measurements between pairs of sites. For post-hoc tests, t-values and p-values (p) were reported. 
Because initial shell height was not significantly different among sites, final shell height could be 
analyzed and used as a metric of growth rate.  
 
Variable df F-value p Comparison 
by Site 
t-value p 
Initial Shell 
Height 
3 0.531 0.662    
Final Shell 
Height 
3 11.197 <0.001  
PR – MR 
 
-4.379 
 
<0.001 
    UC – MR 0.669 0.908 
    VP – MR 0.121 0.999 
    UC – PR 4.961 <0.001 
    VP – PR 4.503 <0.001 
    VP - UC -0.551 0.946 
 
Table 14: Growth rate summary statistics for oysters from the initial four-month deployment. 
Growth rate was calculated as final shell height – initial shell height / total number of days 
deployed. Growth rate did not have to be standardized by initial shell height because initial shell 
height was not significantly different among oysters from all sites, as shown in Table 13.  
 
Site Min. 
growth 
rate 
Max. 
growth 
rate 
Initial 
Shell 
Height 
(mm) 
Final 
Shell 
Height 
(mm) 
Growth rate 
during 
deployment 
Mortality 
per site 
Merroir 0.083 0.444 13.82 ± 
0.3 
41.81 ± 
1.1 
0.250 4 
Piankatank -0.031 0.318 14.33 ± 
0.3 
35.49 ± 
0.9 
0.189 0 
Urbanna 
Creek 
-0.119 0.509 13.83 ± 
0.4 
42.82 ± 
1.1 
0.259 8 
VIMS Pier 0.136 0.408 14.85 ± 
0.5 
41.99 ± 
1.2 
0.251 4 
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Table 15: Statistical comparison of physiological measurements of oysters collected 
immediately following deployment at common garden conditions by site with one-way ANOVA 
using type III sum of squares. Degrees of freedom, F-values, and p-values (p) were reported for 
these tests. If the one-way ANOVA was significant, a Tukey’s post-hoc test was run to compare 
the physiological measurements between pairs of sites. For post-hoc tests, t-values and p-values 
(p) were reported. MR refers to Merroir, PR refers to Piankatank River, UC refers to Urbanna 
Creek, and VP refers to VIMS Pier.    
 
Response df F-value p Comparison 
by Site 
t-value p 
Condition 
Index 
3 3.298 0.031  
PR – MR 
 
-0.158 
 
0.999 
    UC – MR 1.574 0.404 
    VP – MR -1.671 0.352 
    UC – PR 1.879 0.2532 
    VP – PR -1.710 0.332 
    VP – UC -3.137 0.017 
D Condition 
Index 
3 15.093 <0.001  
PR – MR 
 
-3.077 
 
0.020 
    UC – MR  -0.920 0.793 
    VP – MR  3.209 0.014 
    UC – PR  1.821 0.278 
    VP – PR  6.665 <0.001 
    VP – UC  3.922 0.002 
       
Glycogen 3 2.066 0.123    
       
D Glycogen 3 1.261 0.302    
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Table 16: Statistical comparison of total antioxidant potential and change in total antioxidant 
potential of oysters that were collected immediately following initial deployment and put through 
the acute salinity exposure. A two-way ANOVA using type III sum of squares was done with 
site and treatment as independent variables. Degrees of freedom, chi-squared values, and p-
values (p) are reported. For both total antioxidant potential and change in total antioxidant 
potential, a full model with an interaction term. All terms in the model were found to be 
insignificant, and the full model was compared to a reduced model without an interaction term. 
The reduced model did not differ significantly from the full model, so both analyses proceeded 
with the reduced model. The reduced model terms were not significant for total antioxidant 
potential. For change in total antioxidant potential, the reduced model was significant by site, 
and a Tukey’s post-hoc test was run to compare the change in total antioxidant potential between 
pairs of sites. 
 
Response 
Variable 
Reduced model 
terms 
df Chi-
squared 
value 
p Site 
Comparison 
z-
value 
p 
Total 
antioxidant 
potential 
Treatment 
Site 
 
1 
3 
 
0.000 
3.607 
 
0.988 
0.307 
 
   
        
D total 
antioxidant 
potential 
Treatment 
Site 
1 
3 
 
0.087 
15.835 
0.768 
0.001 
 
   
     PR – MR 2.213 0.120 
     UC – MR 3.219 0.006 
     VP – MR 3.634 0.002 
     UC – PR 1.005 0.746 
     VP – PR 1.421 0.486 
     VP – UC 0.416 0.976 
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Table 17: Statistical comparison of initial shell heights of oysters that were deployed in common 
garden conditions by site with one-way ANOVA using type III sum of squares. Degrees of 
freedom, F-values, and p-values (p) were reported for these tests. If the one-way ANOVA was 
significant, a Tukey’s post-hoc test was run to compare the physiological measurements between 
pairs of sites. For post-hoc tests, t-values and p-values (p) were reported. Because initial shell 
heights different significantly among sites, final shell height was not analyzed, as it would not 
have been an inaccurate metric for growth rates. 
 
Variable df F-value p Comparison 
by Site 
t-value p 
Initial 
Shell 
Height 
3 7.290 <0.001  
PR – MR 
UC – MR   
 
-2.793 
1.638 
 
0.032 
0.362 
    VP – MR 0.299 0.9907 
    UC – PR 4.448 <0.001 
    VP – PR 3.109 0.013 
    VP - UC -1.346 0.536 
 
 
Table 18: Growth rate summary statistics of oysters from common garden deployment. These 
oysters were only measured at the initial and final points of deployment. Growth rate calculated 
as final shell height – initial shell height / total number of days deployed * initial shell height. 
Growth rate had to be standardized by initial shell height because the initial shell heights of the 
oysters at the start of common garden were significantly different from each other. 
 
Site Initial Shell 
Height 
(mm) 
Final Shell 
Height 
(mm) 
Growth Rate 
during deployment 
Mortality 
Merroir 40.57 ± 1.2 42.92 ± 6.3 0.001 0 
Piankatank 35.05 ± 1.1 37.37 ± 6.2 0.001 0 
Urbanna Creek 44.07 ± 1.3 47.87 ± 5.6 0.002 0 
VIMS Pier 41.19 ± 2.0 43.45 ± 9.7 0.002 0 
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Figures  
 
 
Figure 1: Sites where oysters were deployed from July 2018 to November 2018. This project 
used oysters from Merroir, Piankatank, Urbanna Creek, and VIMS Pier. School name refers to 
the high schools that assisted with sampling efforts –Chesapeake Bay Governor’s School 
(CBGS), and the Virginia Institute of Marine Science (VIMS). Map by Annie Schatz.  
 
 78 
 
 
Figure 2: Acute salinity exposure experimental set-up. Grates held containers in the water bath, 
and the water coming in from the hoses was from the York River. Oysters and treatment water 
were held within the containers, and air came in through tubing with air stones to provide 
suitable oxygenation to the oysters in the containers. Bricks were placed on top of grates to 
stabilize them in the flow-through water. 
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Figure 3: Glycogen content did not differ by site in oysters collected immediately after initial 
deployment. Statistical comparison of glycogen content as a percentage of dry weight by site was 
done with one-way ANOVA using type III sum of squares. One-way ANOVA was not 
significant (p= 0.098). 
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Figure 4: Oysters from VIMS Pier had lower condition indices than oysters from all other sites.  
Statistical comparison of condition index by site was done with one-way ANOVA using type III 
sum of squares. One-way ANOVA was significant (p < 0.001), so Tukey’s post-hoc test was run 
to compare sites.  
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Figure 5: Total antioxidant potential did not differ by treatment or distal site. Ambient salinity 
(dark blue) and low salinity (light blue) did not affect total antioxidant potential Statistical 
comparison of total antioxidant potential by site and treatment was done with two-way ANOVA 
using type III sum of squares. Data was from oysters that were collected after initial deployment 
and experienced the acute salinity exposure in November 2018. Both treatment and site were 
insiginificant in the reduced model ( treatment p=0.865, site p=0.563).  
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Figure 6: Initial shell height did not differ between oysters from different sites at the start of the 
initial deployment (July 2018). Statistical comparison of initial shell height by site was done with 
one-way ANOVA using type III sum of squares. One-way ANOVA was not significant (p= 
0.662). Because initial shell height was insignificant, final shell height could be analyzed by site 
as a proxy for growth rate.  
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Figure 7: Final shell height was lowest in oysters from Piankatank, indicating that their growth 
rates may have also been the lowest in oysters from different sites. Statistical comparison of 
initial shell height by site was done with one-way ANOVA using type III sum of squares. One-
way ANOVA was significant (p < 0.001), so Tukey’s post-hoc test was run to compare sites.  
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Figure 8: Linear growth rate by site from July 2018 to November 2018. Growth rate was 
calculated as D shell height (mm) / time in days. Growth rate was not standardized by initial shell 
height because initial shell heights were not significantly different among sites at the beginning 
of deployment.  
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Figure 9: Glycogen content did not differ by site between oysters collected immediately after 
common garden conditions (December 2018). Statistical comparison of glycogen content using 
oysters from the common garden deployment by site was done with one-way ANOVA using 
type III sum of squares. One-way ANOVA was not significant (p= 0.123). 
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Figure 10: Change in glycogen content did not differ in oysters from different sites. Statistical 
comparison of the change in glycogen content by site was done with one-way ANOVA using 
type III sum of squares. One-way ANOVA was not significant (p= 0.302). 
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Figure 11: Condition indices of oysters collected immediately after common garden deployment 
(December 2018) from VIMS Pier were only significantly lower than those of oysters from 
Urbanna Creek. Oysters from Merroir, Piankatank, and Urbanna Creek had similar condition 
indices after common garden deployment. Statistical comparison of condition index using 
oysters from the common garden deployment by site was done with one-way ANOVA using 
type III sum of squares. One-way ANOVA was significant (p= 0.031), so Tukey’s post-hoc test 
was run to compare sites.  
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Figure 12: Oysters from VIMS Pier increased in their condition indices, while condition indices 
of oysters from all other sites decreased. Statistical comparison of change in condition index by 
site with one-way ANOVA using type III sum of squares. One-way ANOVA was significant 
(p<0.001), so Tukey’s post-hoc test was run to compare sites.  
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Figure 13: Total antioxidant potential did not differ in oysters that experienced common garden 
conditions and the acute salinity exposure (both events in December 2018). Ambient salinity 
(dark blue) and low salinity (light blue) treatments did not affect total antioxidant potential in 
oysters from all sites. Distal site also did not affect total antioxidant potential in oysters between 
the two treatments. Statistical comparison of total antioxidant potential by site and treatment was 
done with two-way ANOVA using type III sum of squares. Both treatment and site were not 
significantly different in the reduced model (treatment: p=0.988; site: p=0.307).  
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Figure 14: Change in total antioxidant potential compares total antioxidant potential after the 
acute salinity exposure in oysters before and after common garden conditions. Total antioxidant 
potential only decreased in oysters from Merroir and increased in oysters from all other sites. 
Statistical comparison of change in total antioxidant potential by site and treatment was done 
with two-way ANOVA using type III sum of squares. In the reduced model, only site was 
significant (treatment: p=0.768; site: p<0.001).  
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Figure 15: Initial shell height for oysters at the beginning of common garden deployment was 
lowest in oysters from Piankatank. Statistical comparison of initial shell height from oysters 
deployed in common garden conditions by site was done with one-way ANOVA using type III 
sum of squares. One-way ANOVA was significant (p<0.001), so Tukey’s post-hoc test was run 
to compare sites. Because initial shell height differed by site, final shell height was not analyzed. 
Final shell height would not have been an accurate proxy for growth rate, as it would have been 
influenced by both growth rate and initial shell height.   
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